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Abstract Jet lag has potentially serious deleterious effects on performance in athletes
following transmeridian travel, where time zones are crossed eastwards or west-
wards; as such, travel causes specific effects related to desynchronization of the
athlete’s internal body clock or circadian clock. Athletes are particularly sensitive
to the effects of jet lag, as many intrinsic aspects of sporting performance show a
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circadian rhythm, and optimum competitive results require all aspects of the
athlete’s mind and body to be working in tandem at their peak efficiency. Inter-
national competition often requires transmeridian travel, and competition tim-
ings cannot be adjusted to suit individual athletes. It is therefore in the interest of
the individual athlete and team to understand the effects of jet lag and the po-
tential adaptation strategies that can be adopted. In this review, we describe the
underlying genetic and physiological mechanisms controlling the circadian clock
and its inherent ability to adapt to external conditions on a daily basis. We then
examine the fundamentals of the various adaptation stimuli, such as light,
chronobiotics (e.g. melatonin), exercise, and diet andmeal timing, with particular
emphasis on their suitability as strategies for competing athletes on the interna-
tional circuit. These stimuli can be artificiallymanipulated to produce phase shifts
in the circadian rhythm to promote adaptation in the optimumdirection, but care
must be taken to apply them at the correct time and dose, as the effects produced
on the circadian rhythm follow a phase-response curve, with pronounced shifts in
direction at different times. Light is the strongest realigning stimulus and careful
timing of light exposure and avoidance can promote adjustment. Chronobiotics
such as melatonin can also be used to realign the circadian clock but, as well as
timing and dosage issues, there are also concerns as to its legal status in different
countries and with the World Anti-Doping Agency. Experimental data con-
cerning the effects of food intake and exercise timing on jet lag is limited to date in
humans, and more research is required before firm guidelines can be stated. All
these stimuli can also be used in pre-flight adaptation strategies to promote ad-
justment in the required direction, and implementation of these is described.
In addition, the effects of individual variability at the behavioural and genetic
levels are also discussed, along with the current limitations in assessment of these
factors, and we then put forward three case studies, as examples of practical
applications of these strategies, focusing on adaptations to travel involving
competition in the Rugby Sevens World Cup and the 2016 Summer Olympics in
Rio de Janeiro, Brazil. Finally, we provide a list of practice points for optimal
adaptation of athletes to jet lag.

Although jet lag is generally accepted as a trivial
consequence of aeroplane travel, it is classified as a
‘circadian rhythm sleep disorder’ by theDiagnostic
and Statistical Manual of Mental Disorders,[1] the
main psychiatric diagnostic textbook. The WHO
also classifies it as a ‘‘disorder of the sleep-wake
schedule’’.[2] Since so many physiological systems
are controlled by the circadian clock, the effects of
jet lag on the performance of elite athletes must be
considerable.

1. What is Jet Lag?

Jet lag results from rapid transmeridian travel
where time zones are crossed, such as east-to-

west or west-to-east aeroplane travel. The sever-
ity increases with the increasing number of time
zones crossed – travelling over three time zones
almost invariably leads to jet lag.[3] No jet lag is
experienced following north-to-south or south-
to-north travel, regardless of the flight length,
because transmeridian travel has a specific effect
on the body clock – the internal clock ends up out
of synchrony with external conditions. Jet lag
symptoms occur while the clock tries to adapt.[4,5]

Normally, internal physiological rhythms are
synchronized by the body clock to the external light-
dark conditions. Humans are diurnal, primarily
active during the day and asleep at night, and their
circadian system therefore regulates physiology,
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such that waking occurs around sunrise and sleep
onset is preceded by dim or no light, stimulating
melatonin production.[6,7] This regulation is dis-
rupted by transmeridian travel, and normal activi-
ties, such as sleeping, waking and eating, can
therefore occur in abnormal external light-dark
conditions.

Circadian rhythms are internally generated
rhythms that persist in the absence of external cues,
such as light or darkness. In this way, organisms
can time their behaviour without referring to ex-
ternal conditions, allowing them to anticipate ex-
ternal conditions rather than merely reacting. This
can be demonstrated by maintaining individuals in
constant conditions: cyclic behaviour persists even
with no, or only very weak, external time cues.[8-10]

Disruptions therefore ensue following a rapid
transmeridian travel, when external conditions
conflict with the internal pacemaker.

Since the primary function of circadian
rhythms is to allow adaptation to the external en-
vironment, the body clock is capable of adjusting
to new conditions, but has evolved to adapt
slowly to changes in day-length over several days
and weeks, such as seasonal changes, rather than
the abrupt changes caused by aeroplane travel.
The fastest rate of adaptation is approximately
half a day per hour of the time difference west-
wards, or 1 day per hour of the time difference
eastwards.[3,11,12] However, the faster adaptation
westwards is predicated upon the fact that the
average human free-running period is about
24.2 hours,[8-10] and that individuals will there-
fore find it easier to adjust to a longer day than a
shorter one. In actuality, substantial individual
variation has been found to occur,[13-18] as dis-
cussed in section 3.2.

1.1 Effects of Jet Lag in Athletes

Athletes are particularly sensitive to disrup-
tion by jet lag as they are often required to travel
long distances, such as for the Olympic Games,
Commonwealth Games and other international
competitions,[19] and then to perform at their best
upon arrival. As coaches and athletes become
increasingly aware of the effects of jet lag on per-
formance, attempts have been made to minimize

effects, such as early travel schedules, to allow
adjustment to local time before competition;
however, this is often not feasible.

Although the symptoms of jet lag vary between
individuals, the main complaints are poor sleep,
tiredness during the day, appetite loss and poor
performance.[4,12,20-22] Transmeridian travel in
either direction leads to a lack of sleep, mainly due
to the inability to initiate sleep at a socially-
required time and to maintain sleep for sufficient
time, but also as a result of broken sleep often due
to disrupted cycles, such as urinary frequency.[22]

Eastwards travel causes problems falling asleep at
bedtime, since the new ‘night’ occurs during the
subjective daytime on the home-time schedule,
whereas westward travel causes problems with
early waking (figure 1). Daytime fatigue and poor
alertness occur partly because of this sleep depri-
vation,[23] which can cause disturbances in hor-
monal secretion patterns in its own right,[24,25] but
also because the body clock remains tuned to its
night-time physiology during the new ‘daytime’,
resulting in low core temperature and metabolism,
and high levels of melatonin secretion.

There will also be specific effects of jet lag on
athletic performance, as many aspects of exercise
performance may show a circadian rhythm across
the day. Improved performance has been reported
to occur in the late afternoon (~16:00–20:00 home-
adjusted time), with amplitudes of 2–11% of the
daily mean.[26] Optimal performance in such areas
as neuromuscular function, maximal oxygen up-
take (

.
VO2max) and grip strength also occur at this

time and appear to parallel the peak in core tem-
perature.[27] Other examples include peak force of
leg and back muscles,[28-32] arm muscles,[33,34]

maximal anaerobic power output[35] and perfor-
mance in broad and vertical jumps.[36] Perfor-
mance in simulated contests or time trials has also
been shown to have a similar daily rhythm with
similar peak times, including running,[37] swim-
ming,[38-40] cycling[41-47] and skilled tasks related to
football,[48] as well as other surrogate performance
markers (see Drust et al.[49] and Hayes et al.[50] for
reviews).

All these physiological measures are susceptible
to disruption by jet lag, as the internal timings for
peak performance will be out of synchronization

Effects and Interventions for Jet Lag in Athletes 187

ª 2012 Adis Data Information BV. All rights reserved. Sports Med 2012; 42 (3)



with external conditions following travel, and
these effects may last for a considerable time.
Consider an athlete who is synchronized to their
local environment and has a peak in sport per-
formance at 21:00; if the difference between the
maximum and minimum of peak performance is
postulated as 1%, then an elite male runner would
be 2 seconds slower in a 1500m race and 75 seconds
slower in a marathon run following air travel
across 12 time zones.[51] Although some studies
have shown no effect of jet lag on performance,
despite changes in physiological markers,[52,53]

other studies have shown that performance and
physiological functions may be depressed for sev-
eral days as they remain out of phase with local
conditions.[54,55] For example, in 40m sprint tests in
elite women hockey players travelling from Aus-
tralia to Europe, recovery took 8 days, for travel
crossing 6 time zones. Statistical analyses have also

shown negative effects even of short flights on
performance, by analysing results of American
football, netball and basketball teams flying coast
to coast before a match.[56-59]

In many sports, performance also depends on
factors outside the purely physical realm, and jet
lag has been shown to negatively affect cognitive
performance, possibly through sleep-loss ef-
fects[60-62] and motivational effects.[63] There are
also possible long-term consequences of frequent
jet lag, including cognitive defects, depression,
increased risk of mood disorders, increased can-
cer risk, infertility, cardiovascular disease and
brain atrophy.[64-79]

Although symptom severity varies between
individuals, many athletes may simply fail to re-
cognize how they are affected by jet lag, especially
in tasks requiring concentration and complex
coordination. For example, they may have diffi-
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21:00
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15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00

09:00 12:00 15:00 18:00 21:00 00:00 03:00
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Travel across three time zones
westward

Travel across four time zones
eastward

Travel across 12
time zones including 1 h
difference in DST

03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

Fig. 1. Transmeridian travel time zone effects are shown graphically in the following panels. The upper panel shows home time, and the lower
panels show time at the destinations, aligned with home time to show times of potential exposure to daylight following travel; grey boxes
indicate night, white boxes indicate daylight; white ellipses show normal sleep and wake onset times, taken as 23:00 and 07:00 on home time,
respectively, and black ellipses show meal times [midday meal at 12:00 and evening meal at 19:00 home time; actual daylight times are taken
from average sunrise and sunset times in March around the Vernal Equinox with the UK as home time]. (a) Travel across three time zones
westwards (-3h time difference): normal home wake time now occurs in the middle of the night; normal sleep time is 3 h before destination
sleep time leading to feelings of tiredness many hours before destination sleep time. Attempts to adjust directly to local timings upon arrival
would lead to a sleep time at 02:00 home time. If athletes were able to stay awake until this local sleep time, they would probably still wake at
their normal home wake time, after only 5 h of sleep. Attempts to adjust directly to local meal times result in lunch at 15:00 home time, and the
evening meal at 22:00 home time, shortly before the normal home sleep-onset time. (b) Travel across four time zones eastwards (+4h time
difference). Normal home wake time now occurs at approximately 12:00, and normal sleep time at 03:00. Attempts to adjust directly to local
timings on arrival would result in a sleep time at 19:00 home-time hours before they are likely to feel tired, and wake time at 03:00 after only 4 h
of sleep after onset of normal home sleep time. The normal home 12:00 meal time now falls at 16:00 and the home evening meal at 23:00 after
the onset of expected sleep time if adjusted to local time. Attempts to adjust directly to local meal times on arrival would place the 12:00 meal at
08:00 home time, which is shortly after the home wake time; and the evening meal at 15:00 home time. Both of these are times when the athlete
is unlikely to feel especially hungry. (c) Travel across 12 time zones with 1 h of additional daylight savings time change, as seasons are
opposite at the Antipodes (+13 h time difference). Normal wake time (07:00) now coincides with the onset of night at the destination, and home
sleep time occurs at 11:00, during full sunlight at the destination. The normal homemidday meal occurs at 01:00, in the middle of the night, and
the evening meal falls at 08:00 in the morning. Attempts to adjust directly to local time on arrival would result in a midday meal at 23:00,
approximately 4 h after the expected home evening meal timing and the evening meal would occur at 06:00 home time, potentially leading to a
requirement for the heaviest meal to be consumed before the athlete’s normal wake time. DST =daylight savings time.

188 Forbes-Robertson et al.

ª 2012 Adis Data Information BV. All rights reserved. Sports Med 2012; 42 (3)



culty sleeping at the appropriate time following
transmeridian air travel, but ascribe this to stress
or effects of the flight, rather than recognizing it
as jet lag.[80] Further education is therefore re-
quired to allow athletes to identify the symptoms
of jet lag to properly address them.

1.2 The Circadian Clock

Regulation of the circadian clock lies in a com-
plex series of interlocking feedback loops.[6,7,81] The
key genes involved in the circadian system are
called ‘clock’ genes.[82-89] The positive feedback
loop ‘clock’ genes, BMAL1 and CLOCK turnon

gene expression of the Period (Per) and Crypto-
chrome (Cry) ‘clock’ genes, which in turn act to
inhibit BMAL1/CLOCK expression and, hence,
their own expression in a negative feedback loop.
Only when expression of the inhibitor genes falls
below a threshold level can the positive ‘clock’
genes turn expression back on (figure 2a). This
coordinated rise and fall of ‘clock’ gene expres-
sion in a sine-wave pattern[91] acts as an internal
timekeeper, allowing precisely-timed control of
other downstream processes, resulting in specific
physiological effects at specific times of the day-
night cycle, such as the 24-hour cycle of core
temperature[92,93] (figure 2b).

Cytoplasm

Nucleus

BMAL1 and
CLOCK genes

Per

Per and
Cry genes

Cry

P

Per

CK1ε P

Per degraded

Per

Cry

BMAL1

BMAL1

CLOCK

CLOCK

a

6 10 14
Time

18 22 2

b

Fig. 2. Circadian clock mechanism. (a) When they are expressed together in the 24 h cycle, the CLOCK and BMAL1 proteins bind together.
This active BMAL1-CLOCK heterodimer acts as a transcription factor to turnon expression of the Period (Per) and Cryptochrome (Cry) genes.
These are then translated into protein form in the cytoplasm, where they bind together to form a complex that is transported back to the nucleus,
and acts to inhibit BMAL1 and CLOCK expression in a negative feedback loop. This in turn reduces the activation of expression of the Per and
Cry genes themselves, and it is only when their expression levels drop below a certain threshold that sufficient CLOCK and BMAL1 protein can
be produced to turn their expression back on. Other factors also regulate the circadian clock at the protein level, such as casein kinase 1 epsilon
(CK1e) that phosphorylates Per2 and induces its degradation [adapted from Biocarta,[90] with permission] (b) Circadian gene expression
typically follows a sine-wave pattern, with one peak and one trough in expression across the 24 h period. Genes shown are transcript levels for
Per2 (solid black line), Rev-Erba (large black dashed line), and Cry1 (small grey dashed line). Downstream physiological measures, such as
core temperature, also follow a similar circadian pattern (solid grey line).[91,92]
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As this system regulates so many key physiolo-
gical processes, it is itself tightly regulated at many
levels. For example, multiple human Per and Cry
genes (Per1, Per2 and Per3; Cry1 and Cry2)[85,94]

have been identified,[95] all of which may play
overlapping or independent role.[96] Other genes,
such as NPAS2, Rev-Erba and ROREa, add extra
levels of control,[97-99] and regulation of protein
turnover is also central to regulating timing[95,100-102]

(figure 2a). Given the complexity of this system and
the multiplicity of downstream physiological pro-
cesses, perturbations caused by jet lag can cause
complex effects, and hastening realignment is not a
simple process.

1.3 Readjusting the Clock: Zeitgebers

The primary function of circadian rhythms is
to allow organisms to adapt to environmental
variations; this is achieved by having an internal
rhythm at slight variance to the external 24-hour
period and resynchronizing the internal rhythm
to external cues every day. Under experimental
conditions of constant light or dark, the average
human free-running period is about 24.2 hours,[8-10]

approximately the length of 1 day-night cycle on
earth, but some people show a slightly shorter
period and others a slightly longer one.[103]

Under normal conditions, external factors serve
daily to resynchronize the circadian clock to a
24-hour cycle, these are classically called ‘zeitge-
bers’ (‘time-givers’ in German) and the most im-
portant one in vertebrates is the external light-dark
cycle. Other much weaker zeitgebers include food,
exercise, sleep and pharmacological treatments
that mimic the endogenous hormones involved in
the clock.

The major zeitgeber, sunlight, resets the circa-
dian rhythm primarily via circadian-specific re-
ceptors in the retina.[104-109] These then project
directly to a brain region in the hypothalamus,
called the suprachiasmatic nuclei (SCN),[6] which
acts as a master clock. If the SCN is surgically
ablated in rodents, they lose all circadian rhythm
and are active at random times.[110] Until 1996, it
was therefore believed that the SCN was the only
clock in the circadian mechanism. However, it
has now been found that individual organs,[111-122]

and even single cells,[6,123] maintain their own
individual clocks. Synchronization of all these
peripheral rhythms is required for optimal physio-
logical function, and differences in the rates of
recovery of these peripheral clocks following
transmeridian travel are thought to account for
many of the symptoms of jet lag.[124]

Experiments to examine organ desynchrony
in humans are difficult to perform; however, in
rodents, Per gene rhythms in the SCN readjust
rapidly following simulated jet lag, in <24 hours,
but peripheral organs, such as the liver, lung
and muscle, can take nearly six times as long to
adjust[125,126] depending on the animal model
used,[127] and they appear to be entrained by cues
other than light.[128] In humans, the sleep rhythm
causes the greatest apparent symptomatic prob-
lems but tends to adjust more quickly to the new
environment than the temperature rhythm, gastro-
intestinal and most endocrine rhythms.[4,5] Athletic
performance is likely to be suboptimal until the
whole spectrum of biological rhythms adjusts to
the new time.

1.4 Timing of Adjustment: Phase-Response
Curves

The key to understanding how the internal cir-
cadian clock responds to external conditions and
how athletes can use these to minimize jet lag is the
phase-response curve (PRC). The circadian clock
is altered by zeitgebers in different ways at different
times: it is affected most by unexpected conditions,
such as light during the night[129] or the presence
during the day of hormones usually associated
with sleep onset, such as melatonin.[130]

The PRC shows the direction and magnitude of
phase shift induced in the circadian rhythm at dif-
ferent times (figure 3). There is a transition point
where the effect of the zeitgeber switches from
delay to advance. For example, while exposure to
light in the late afternoon and early evening on
home time produces a delay in the clock and shifts
‘internal’ wake-sleep and meal times to later in the
day, light stimuli in the second half of the night or
early morning results in an advance in the clock
that shifts ‘internal’ times to an earlier hour.[129,131]

This crossover point also correlates with the core
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body temperature low point. Care must be taken
when timing interventions around the crossover
point to ensure that the required effect is achieved,
especially since this point can show individual
timing variation.

The PRC also shows when the clock is less
responsive to zeitgebers, primarily at the times
when they would normally be expected to occur.
For example, during the day, from approxi-
mately 2 hours after usual wake-up time until
2 hours before usual bedtime, light has relatively
little effect on the circadian rhythm.[129,131-133]

The response is also dose-dependent, with strong
light having more of an effect than weak
light.[134,135] Higher doses of chronobiotic drugs,
such as melatonin, tend to have greater effects[136]

but correct dose-timing appears to be more cri-
tical at supraphysiological levels.[130,137,138]

These PRCs can be used to plan the optimum
times to apply stimuli to best effect jet lag recovery,
and to avoid applying stimuli that would cause the
clock to become further desynchronized; however,
care must be taken, as variation exists between
individuals in the precise PRC timings,[139,140] as
discussed in section 3.2.

2. Practical Applications: How to
Adapt Best

2.1 To Adapt or Not To Adapt? Short
versus Long Trips

Whether to attempt adaptation to the local time
zone depends on the trip duration. For short trips
(1–2 days), attempts to adapt are not recommen-
ded,[141] as there are currently no instantaneously
acting jet lag cures. The time frame is too short to
achieve full adaptation by conventional methods,
and any attempt may make the situation worse as
the athlete will only partly adapt and will experi-
ence jet lag upon return, as they will be partly de-
synchronized with home conditions. Instead, it is
recommended to try to stay on the home time zone,
and to schedule important events at times of max-
imum alertness and performance on home timing
(see section 1.1). However, in athletic competition,
it is rarely possible to adjust event times to suit
individual athletes.
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Fig. 3. A phase-response curve (PRC) shows the effect of a parti-
cular stimulus on the circadian clock throughout the entire circadian
cycle. (a) The phase-response curve for light (solid line) and for 3mg
of melatonin (small dashed line). The light data shows the effect of a
single light stimulus in young adults using plasma melatonin as a
marker for circadian rhythm plotted relative to the centre of the light
stimulus. By convention, delays in the circadian rhythm (shifts to a
later hour) are shown as negative numbers, and advances (shifts to
an earlier hour) are shown as positive values. Datapoints are double-
plotted to generate two cycles to better visualize the response
pattern.[131,132] (b) The effects of light exposure at different times
in the PRC are shown here. The top section shows home external
time and light/dark conditions. Light exposure in the late evening and
first half of the home night [see the light grey area on the phase-
response curve in (a)] causes adjustment in the internal circadian
clock by a phase delay, shown in the middle section, such as that
required for adjustment following east-to-west travel; whereas, light
exposure in the second half of the night and early morning [dark
grey area on the phase-response curve in (a)] causes adjustment by
a phase advance in the clock, as required following west-to-east tra-
vel, shown in the bottom section. Light grey panels indicate night,
white panels indicate daylight; white ellipses show normal sleep and
wake onset times, taken as 23:00h and 07:00h on home time, re-
spectively, and black ellipses show meal times (midday meal at
12:00 h and evening meal at 19:00 h, home time), curved lines show
core body temperature rhythm with dashed lines showing body tem-
perature after phase advance or delay. Dark grey panels indicate
‘internal night’ as expected following the phase shift, and black and
white small boxes indicate new ‘internal’ wake, sleep and meal times.
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Short-term methods to maintain alertness can
be used, such as short naps[142,143] and stimulants
such as caffeine.[144] Caffeine has been shown,
specifically, to counter the effects of sleep depri-
vation on performance in a rugby passing skill
test even at low concentrations;[145] however, the
two jet-lag-specific trials have shown that the
positive adaptation and stimulant effects of caf-
feine may be outweighed by negative effects on
night-time sleep,[146,147] and question marks re-
main concerning the use of caffeine in sports, as a
result of its general ergogenic effect.[148] Recently,
the antinarcolepsy drug modafinil has been li-
censed for use in shift-work sleep disorder in the
US,[149] and it has been suggested to be useful for
maintaining daytime alertness in jet lag.[141]

However, there is no published data on its use in
jet lag, and modafinil is a substance banned in
competition on the World Anti-Doping Agency’s
(WADA) 2010 Prohibited List.[150]

Short-acting sleeping pills, such as zolpidem,
are often recommended for jet lag in businessmen
to induce sleep pharmacologically during the new
destination night-time,[144] rather than any direct
circadian effect. While these drugs are not speci-
fically proscribed by WADA, the timing of ad-
ministration must be tightly controlled to prevent
performance inhibition and adverse effects on
sleep timing.[151] The British Olympic Association
has advised against using sleeping pills when
competing overseas, and emphasized that team
physicians and support staff should be consulted
regarding their use.[152]

For longer stays (>4–5 days), strategies can be
designed either to support adaptation upon arri-
val or to promote adaptation to the new time
zone before the trip even begins. These strategies
depend on reinforcing the normal zeitgebers,
such as light, food, sleep regimens and exercise,
with stronger-than-normal cues, or cues at new
times, to synchronize the circadian phase to the
destination time zone. Theoretically, using a com-
bination of all the available time cues at their opti-
mal times should show the best result in terms of
adaptation. Additive effects have been seen, such
as with bright light and melatonin,[153,154] but in
practice, the timings must be carefully calculated
and the extent of interaction is unclear.[155,156]

2.2 Light

Light is one of the strongest natural cues for re-
setting the circadian rhythm and exposure to ambi-
ent light after transmeridian travel largely controls
the direction and speed of adjustment. As described
in section 1.4, the effect of light on the circadian
clock follows a PRC (figure 3a) and timing, intensity
and even wavelength all play a significant part, as
well as the pattern of previous exposure (reviewed in
Duffy and Czeisler[131]). It has also been suggested
that two different light-entrainment mechanisms
may operate in humans,[131] as phase shifts of 2–3
hours are usually elicited by exposure to light,[129]

but some earlier studies produced large shifts of up
to 12 hours.[132,133]

One of the simplest jet lag strategies is to pro-
mote and restrict exposure to natural sunlight at
specific times. This strategy is simple, as no spe-
cialist equipment is required, but exposure must
be carefully timed according to the PRC to avoid
unwanted effects (figure 3b). Following westward
travel, according to ‘home’ time rather than des-
tination time, light exposure should be actively
sought in the early evening and first half of the
night to cause a phase delay but avoided in the
second half of the night and early morning, as it
will cause a phase advance.[129,157] The opposite is
true following eastwards travel. Although expo-
sure to sunlight can often be managed, it is much
harder to completely avoid light exposure on the
plane and on arrival and, for this reason, there
is little substantial experimental evidence for the
efficacy of this strategy.[158]

The calculations required to properly time light
exposure and avoidance are not simple and will
depend critically on the athlete’s own personal
PRC, which cannot be adequately measured at
present using existing markers; however, numer-
ous attempts have been made to simplify this
process and create instructions for optimum
timings. Various software algorithms and iPhone
applications are available,[159,160] to allow individ-
uals to plan the best adaptation strategy. Details of
these strategies are discussed further in the case
study examples in section 4.

Artificial light can also be used to enhance
adaptation, with studies showing that multiple
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pulses of artificial light as short as 15 minutes can
adjust the circadian clock.[161] This strategy shows
considerable promise if the intensity and timing of
the light exposure can be timed correctly; how-
ever, it also implies that even short bursts of light
at the wrong time, such as in the night during
airport transfers, can disrupt jet lag adaptation
strategies. Additionally, evidence has also shown
that bright interior electric light is only about one-
third as effective as bright sunlight.[162]

The circadian system is most affected by blue
light, since the photopigment in the retinal circadian
light receptors,melanopsin, ismaximally responsive
to short wavelengths (460–480nm).[104-106,109] Blue
light also has the greatest effect on melatonin sup-
pression[163] and can achieve the best circadian
phase-shift response,[108,164] so much research and
commercial interest has focused on the possibility of
designing artificial lighting systems at exactly these
wavelengths as jet lag aids. Preliminary evidence has
shown that blue-enriched lights, such as those
marketed for seasonal affective disorder, are more
effective at maintaining alertness, quality and tim-
ing of sleep in office environments,[165] and in the
Antarctic winter where natural daylight is lim-
ited.[166] Further research suggests that avoidance of
this specific light wavelength, using glasses with fil-
ters, may circumvent the problems of light avoid-
ance;[167] however, to date, little research has been
published using such devices. There is some pre-
liminary evidence showing that the optimal wave-
length may also depend on the light intensity and
that, under dim lighting conditions, green light may
be more effective than blue.[141]

In summary, although research is still ongoing,
it appears that the use of scheduled exposure to
some form of artificial light will in future be the
optimal method for entraining the circadian clock
before and after aeroplane travel.

2.3 Melatonin

The pineal gland secretes the hormone mela-
tonin during the hours of darkness, and it pro-
motes sleep through vasodilatory effects causing
a fall in core temperature.[168] Endogenous mela-
tonin release begins around 2 hours before bedtime,
just before dusk, provided that light conditions are

dim, as production is inhibited by light.[169] Pro-
duction is partly controlled by the SCN, with
feedback through melatonin receptors on the
SCN.[170] Desynchrony between the circadian
clock and outside light-dark conditions leading
to incorrectly timed melatonin release is primar-
ily responsible for the sleep disruptions in jet lag.
Melatonin is therefore of potential use as a
treatment for jet lag and has received much at-
tention as a chronobiotic;[171,172] the American
Academy of Sleep Medicine recommends the
timed use of melatonin supplements to promote
adaptation.[173]

A Cochrane meta-analysis found a clear re-
duction of jet lag in eight of ten randomized trials
of melatonin,[174,175] with a recommended dose of
2–5mg for up to 4 days after travel. The response to
melatonin is again dependent on a PRC (figure 3),
and application must therefore be carefully timed
and there may be individual timing variations.
The PRC for melatonin is approximately 12
hours out of phase with the light PRC (figure 3b).
Melatonin taken in the late afternoon or early
evening on home time (not destination time) will
advance the circadian clock, causing the body to act
as though night-time has fallen early;[13,16,154,171,176]

ideally, this would coincide with the onset of
night at the destination, maximizing the sleep-
inducing effects of melatonin. Melatonin taken in
the early morning on home time should delay the
body clock, fooling the circadian system that it is
still night-time[177] but it has proven more diffi-
cult to convincingly show a phase-delay effect in
humans[178] and only a limited number of direct
studies have been performed, possibly requiring
multiple doses.[16,130] Administration of too high
a dose can also result in melatonin remaining in
the bloodstream for too long, causing effects in
the wrong portion of the PRC.[179]

Furthermore, although melatonin is classified
as a chronobiotic and has been reported as
safe,[174,175] it performs multiple biological func-
tions and is also used as a radioprotective agent,
and to treat hypertension, drug toxicity and car-
diac hypertrophy.[180,181] Specifically, melatonin
should also be administeredwith caution in athletes
as many countries have restrictions on its purchase
and use. For example, in the UK, melatonin is
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considered as a medication and can only be pre-
scribed by a doctor for licensed uses. Currently
only one formulation, Circadin�,[182] has been
licensed and is only for use in patients over 55
years of age. Import of melatonin is also pro-
hibited in the UK, Brazil, Germany, Austria,
Belgium, Canada, France and South Africa,
amongst others. In the US, Singapore and Thai-
land, melatonin is considered as a food additive
and is freely available from health food shops,
but its purity is not regulated and care should be
taken that it does not also contain substances
banned by WADA.

Given the reported efficacy of melatonin as a
chronobiotic, there is great interest in developing
new formulations,[183,184] such as ramelteon
(Rozerem�) and agomelatine (Valdoxan�). How-
ever, only limited clinical trial data is available to
date on these drugs, and it remains to be seen what
standWADA and the licensing agencies in various
countries will take on them.

2.4 Exercise

Research in rodents first showed that physical
activity could affect circadian rhythms[185-187] and,
although initial studies appeared to show no effect
in humans,[188] during the last decade it has been
shown that 1–3 hours of exercise can induce sig-
nificant circadian phase shifts, although the effects
depend on duration, intensity and frequency.[189,190]

Early morning exercise has been associated with
phase delays in the circadian clock,[191,192] and it
has been suggested that early evening exercise can
result in phase-advances;[193] however, the evidence
is conflicting. In some studies, exercise during the
biological night induced phase delays in melatonin
secretion but not core temperature, while other
studies showed the opposite effects (reviewed in
Atkinson et al.[194]). Other studies have shown no
effect of exercise on melatonin secretion in simu-
lated jet lag, but an acceleration of adjustment of
sleep-wake cycles.[195] Some evidence also exists
that multiple exercise sessions per day have differ-
ent effects than a single session[195] and that high
levels of exercise are required to show any effect on
circadian rhythms, such as 3 hours at 50–60% of.
VO2max.

[189] These conflicting results could arise

from differences in the time of day and intensity of
exercise, lighting conditions, gender and age.[194]

Care must also be taken when applying the re-
sults of studies performed with participants who
are unused to physical training to those who are
highly trained elite athletes, especially since many
studies aimed to examine the effects of exercise
on poor sleep in elderly patients.[191] Conflicting
evidence also exists regarding the effect of fitness
on speed of adaptation, with some studies repor-
ting improved adaptation and decreased jet lag
symptoms in individuals with greater fitness,[54]

and others suggesting that fitness can exacerbate
jet lag symptoms.[196]

In a recent review of physical activity and circa-
dian rhythms, Atkinson and Davenne[197] con-
cluded that further research is required to identify
the optimal amounts and timing of exercise required
to reduce the effects of shift work and jet lag.

However, since athletes are likely to be enga-
ging in physical exercise both before and after
travel, as part of their general training, appro-
priate scheduling could potentially allow them to
take advantage of any synchronizing action of
exercise and avoid detrimental effects. Generally,
exercise appears to be required during the sub-
jective night for optimum entrainment. Although
the precise timings vary between studies, a recent
meta-analysis gives the PRC for exercise as simi-
lar to that for light, albeit with a delay of around
2 hours for the crossover point, andwith the phase-
delay zone occupying the second half of that zone
for light;[190,198] therefore, exercise could poten-
tially be scheduled at the same time as light ex-
posure in a jet lag strategy, but delayed by a couple
of hours. Phase advances were predicted to occur
when exercise was taken at home time in the late
afternoon and early evening (16:00–19:00), but few
studies have shown actual evidence of exercise-
induced phase advances.[51,198]

2.5 Diet and Meal Timing

Feeding patterns follow a circadian pattern in
many organisms, although this is often masked by
environmental and sociocultural effects in humans.
These circadian eating patterns aremirrored by both
the gastrointestinal system and the liver, leading to
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rhythms in digestive secretions, gut motility, ab-
sorption of digested food and blood nutrient
concentrations, all of which are critical for opti-
mal sporting performance. Feedback loops exist
between the hormones controlling the circadian
clock and those directing appetite and satiety,
such as leptin, orexin and ghrelin, and there is
strong evidence for a specific food-entrainable
circadian clock in many animals that is separate
from the light-dark cycle.[199,200] It has been sug-
gested that the liver and gut circadian clocks are
predominantly entrained by feeding in mammals
and only secondarily affected by light via the
SCN.[128,201,202] However, few studies have been
performed in humans, and although there is some
support for the idea that eating meals at set times
can enhance jet lag adaptation,[203] the situation
is far from clear-cut as to the effect of such in-
terventions.[204] Studies have shown that, even in
animal models where food-entrainable clocks
have been clearly identified, these only become
important when food is in restricted supply,[205] a
condition that is unlikely to be experienced by
athletes during travel or competition. Animal
studies also suggest that hypercaloric diets may
prevent adaptation to jet lag.[206]

It has also been suggested that the composi-
tion of meals can affect circadian rhythms.[207] In
1983, Ehret and Scanlon[208] suggested that re-
entrainment can be enhanced by eating a protein-
rich breakfast and a carbohydrate-rich evening
meal upon arrival at the destination – the tyrosine
released following a high-protein meal should
increase arousal, and the increase in tryptophan
following carbohydrate intake in the evening
would have the opposite effect. However, Krauchi
et al.[209] claimed that a high carbohydrate intake
in the morning could cause circadian phase ad-
vance, compared with carbohydrate meals in the
evening. This appears to be linked more to the
overall energy provision rather than specific nu-
trient effects.

An extension of the diet suggested by Ehret and
Scanlon,[208] the Argonne diet, has also gained
favour with some athletes and teams. In this pro-
gramme, days of intake of high-protein foods
alternate with days of fasting on small amounts of
low-carbohydrate foods, including a fast before

arrival, followed by a high-protein meal at the des-
tination breakfast time.[210,211] This could possibly
simulate the restricted feeding schedules in animal
models shown to unmask the food-entrainable
clock. However, to date, only a single clinical trial
has been published on this diet in 2002[212] and al-
though it was shown to successfully reduce jet lag
symptoms in military personnel travelling between
the US and Korea, no further studies appear to
have been published on this technique.

Overall, the effect of dietary interventions on
jet lag seem to be small,[5] and other alternatives
to promote adjustment may be considered more
effective; although, animal studies have shown
that food-based entrainment may enhance adapta-
tion of peripheral clocks, such as in the liver,[213,214]

which are difficult to entrain through light or
sleep, and which account for many of the phy-
siological symptoms of jet lag. Further research is
needed to definitively establish the role of diet in
jet lag adaptation.

2.6 Pre-Adjustment

One of the best ways to avoid jet lag is to adapt
to the new time zone before arrival at a destina-
tion. All the above zeitgebers can be used to pre-
condition athletes to the new time zone before
travel commences[17] (see the case studies in sec-
tion 4 and figure 6).

In practice, it is easiest to effect small shifts in the
circadian clock over time, rather than to induce a
rapid large pre-adjustment and risk suffering jet
lag before the trip.[154,215] A pre-adaptation shift of
9 hours in core temperature, melatonin secretion
and sleep has been successfully achieved using ex-
posure to light delayed by 3 hours per day in semi-
controlled laboratory conditions,[17] and using
light and melatonin in astronauts.[154,216] The
case for melatonin pre-adjustment alone is less
clear.[174,175] Slow adjustment schedules also allow
participants to avoid any potential risks, such as
increased cancer rates associated with exposure
to light at night,[70-72] and heart and circulatory
problems associated with eating during physio-
logical night.[217]

However, these techniques require strict com-
pliance and avoidance of inappropriate stimuli, and
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limit normal behaviour and social life for some time
before travel.[141] In particular, adjustment to large
time-zone differences requires dedication to eat and
sleep during the physiological and environmental
night.[215] Inadvertent single exposure to zeitgeber
cues, such as light, can quickly result in readjust-
ment to baseline conditions. In practice, adapta-
tions of more than 1–2 hours per day for 3 days are
unlikely to be practicable, given socioenvironmental
constraints, and research has shown no clear benefit
for adjustments of 2 hours versus 1 hour per day.[215]

In situations where performance is critically
required, such as during the Olympic Games, pre-
flight adaptation would be desirable. In practice,
a combination of pre- and post-flight adaptation,
depending on the length of time of the stay, seem
to provide the optimum solution.

3. Other Factors to Consider

3.1 Effects of Flight versus Jet Lag

It is also important to consider the effects of
long-distance travel in its own right on health, such
as dehydration and fatigue.[144] All of these strate-
gies work best in a well rested individual, rather
than a sleep-deprived one, and the most important
factor in adjusting to the destination time zone is
adequate sleep. Although airline companies are
constantly improving the design of their cabins and
seats to improve comfort, sleep during a long-haul
flight is likely to be fragmented at best. The
recommendations given in section 2.2 on light ex-
posure can be applied during the flight to improve
adaption at the destination, but despite advice to
adjust as quickly as possible to destination meal
times, it is not recommended to eat meals at in-
appropriate times, such as during the biological
‘home’ night, as these can cause increased risk of
heart disease.[217] Alcohol should also be avoided
as it will increase dehydration. Travelling first or
business class will provide the best conditions for
uninterrupted sleep and adaptation measures, but
the expense precludes this as a widespread strategy.

3.2 Individual Variability

It is critical to remember that any general ad-
vice on jet lag strategies and timings can only

assume an average circadian clock phase, cycle
length, and direction and rate of adaptation. In
fact, large individual differences in these factors
have been reported for many years, even in con-
trolled experiments using markers such as core
temperature[13-15] and the melatonin metabolite
6-sulphatoxymelatonin.[16] For example, in the
latter study, only one of seven subjects adapted to
an 8-hour eastward time-zone change by phase-
delay. In a simulated 9-hour eastward change,
Samel et al.[13] found that three of eight subjects
adapted by delay and the remainder by advance.
This can be seen even when subjects are carefully
synchronized before the time shift.[17] Other
studies have reported similar ratios for ten time
zones.[18] Variable speeds of adaptation were also
seen in all these studies.

It has been suggested that individuals may ad-
just to jet lag by adjusting the internal clock in
different directions depending on their evening-
morning preference or ‘chronotype’,[12] with
‘morning-type’ people whose circadian period is
slightly shorter than 24 hours tending to advance,
and evening-type people finding it easiest to adjust
by delay.[139,218,219] Intermediate types showed
highly variable responses.[220]

To plan an optimum adaptation strategy,
these individual differences should ideally be taken
into account, including each athlete’s internal
phase. Some markers of circadian rhythm, such
as body temperature and ‘clock’ gene expression,
correlate with specific phases of the PRC; for
example, core-temperature is around its lowest
at the light PRC crossover and PRCs have been
plotted relative to sleep timings,[138] to make them
more generally accessible; however, at present,
few systems are capable of easily monitoring these
markers, therefore, the following advice covers the
best practice currently available for themajority of
people.

4. Case Studies

We will take as our case study examples, plan-
ned trips for the England Rugby Sevens squad for
theHSBCSevensRugbyWorldCup Series in 2010/
2011, and travel required for UK teams in the 2016
SummerOlympics inRio de Janeiro, Brazil, but the
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suggestions described below are generally applic-
able to many sorts of trips.

4.1 Travel Across Three Time Zones Westwards:
UK to Rio de Janeiro (-4 Hours Delay)

The 2016 Summer Olympics will take place in
August, inRio de Janeiro, Brazil. This trip involves
a relativelymodest change of 4 hours from theUK,
as daylight savings time is in effect in theUKat this
time; 01:00 in the UKwould be equivalent to 21:00
on the previous day in Rio at the time of travel.
Without any intervention, this trip would normally
induce jet lag for approximately 2 days, as travel
westwards is accommodated to approximately half
a day per hour of time-zone change.

Standard medical advice might suggest that no
adjustment should be made on such a trip if the
duration of the stay were short, and that the tra-
vellers should maintain themselves on their home
schedule. However, this advice is more suitable
for businessmen than athletes, where business
meeting times can be adjusted between mornings
and afternoons to remain on home times. Com-
petition times are not as flexible, and athletes are
required to perform at their optimum physical
and mental ability against other teams that are
already adapted to local time zones.

It would therefore benefit travelling teams to
schedule flights early to accommodate the 2–3 days

of adjustment prior to competition. Although it
would be theoretically possible to incorporate a
pre-adjustment prior to the flight to stimulate ad-
justment in the correct direction, this would seem
to involve a great deal of inconvenience in terms of
light avoidance and sleep/wake time changes for
relatively little benefit.

In this case, the best adjustment is a phase delay.
To promote this adjustment on arrival following
the PRC for light, the athlete should seek light at
15:00–22:00 Rio time, and avoid exposure to
bright light at 22:00–09:00 Rio time (figure 4).
These timings avoid the areas of weak effect at
the borders of the PRC and times around the
crossover point, which may show individual var-
iation, leading to unwanted phase-advance ef-
fects. Here, because of the small time-zone dif-
ference, the overlap between the time of light
avoidance and night-time in Rio is almost com-
plete, although care should be taken with ex-
posure to artificial electrical light, especially if the
athlete wakes early as a result of jet lag. Sun-
glasses may be used, especially on arrival at the
airport and in the mornings. Similarly, in this
instance, the time of required light exposure co-
incides with the afternoon light at the destination.

Since jet lag is only expected for 2–3 days,
these measures need only be employed for the
first few days to promote phase delay. The PRCs
are initially calculated according to the home

00:00

21:00
D1
D2
D3

D1
D2
D3

Avoid light/exercise at this time

Best melatonin dosing times

Seek light/exercise at this time

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

Home time (UK)
Rio de Janeiro: three time zones
west + DST

Fig. 4. Adaptation strategies. Case study 1: travel across three time zones westwards, for example from the UK to Rio de Janeiro, Brazil, in
August, 2016 for the Summer Olympics (-4 h time difference as daylight savings time is in effect in the UK at this time). The time difference
effects for this type of trip are shown in more detail in figure 1a. The upper section shows UK time; lower section shows time in Rio de Janeiro
aligned with UK time to show the time difference and times of potential exposure to daylight following travel. Grey panels indicate night; white
panels indicate daylight (taken from sunrise and sunset times in August, 2016); white ellipses show sleep and wake onset times, and black
ellipses show meal times. Optimum times of exposure and avoidance to zeitgeber (‘time-givers’ in German) stimuli upon arrival are shown by
black and white boxes. DST =daylight savings time; D1, 2 and 3 indicate days after arrival.
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time zone; however, as adjustment gradually oc-
curs to the new destination time, these windows
of administration need to be shifted as well. For
westwards travel, 1 hour should be added per day
of adaptation until the new external conditions
are fully adjusted to.

If melatonin is to be taken, the best time for
administration would be 01:00–09:00 Rio time, to
promote a phase delay whilst avoiding the cross-
over period. Melatonin should not be adminis-
tered outside this period. However, the evidence
for phase-delay effects of melatonin in humans is
not strong[178] and, as the primary function of
melatonin as a chronotherapeutic is to promote
sleep, it should ideally only be taken in this in-
stance, at the beginning of this time window at
01:00 Rio time. As this is 6 hours after the ath-
lete’s ‘internal’ sleep time, it is unlikely that they
will still be awake at this time and it is unhelpful
to wake them to administer a soporific agent, so
melatonin is of limited use in this instance. It
might be possible to take melatonin if the athlete
wakes early on ‘home’ time to extend sleep (07:00
in the UK equates to 03:00 in Rio), but there is
then a risk of carry-over effects of sleepiness in
the daytime.[179]

The PRC for exercise is reported to be similar
to that for light, albeit slightly delayed, so the
same timings could be applied, as otherwise, with
this small time-zone difference, optimum exercise
timing would occur during both the ‘internal’ and
destination night. According to the PRC, exercise
should be avoided during the light avoidance
zone. Although the evidence for effects of a food-
clock on jet lag is inconclusive at present in hu-
mans, it would seem reasonable for this short
adjustment to try to adapt meal times to local
times either upon arrival or slowly shifting over
the first few days.

4.2 Travel Across Four Time Zones Eastwards:
UK to Dubai (+4 Hours in Advance)

The first leg of the HSBC Sevens Rugby World
Cup series usually takes place in Dubai in De-
cember. Again, this trip involves a relativelymodest
change of 4 hours from the UK; 01:00 in the UK is
equivalent to 05:00 in Dubai at the time of travel.

Without any intervention, this trip would normally
induce jet lag for approximately 4 days, as travel
eastwards is accommodated to approximately 1
day per hour of time-zone change.

It would therefore, again, benefit teams to
schedule flights as early as possible to accom-
modate the 4–5 days of adjustment prior to
match day and, possibly, to incorporate a pre-
adjustment prior to the flight to stimulate ad-
justment in the correct direction.

Upon arrival, the best adjustment in this case
is a phase advance. To promote this, following
the PRC for light, the athlete should avoid light
between 23:00 and 10:00 in Dubai and seek ex-
posure to bright light between 10:00 and 16:00
Dubai time, avoiding the crossover point where
individual variation may alter the effect and the
areas of weakest phase effect (figure 5a). If mel-
atonin is to be taken, the best time for adminis-
tration is between 14:00 and 20:00 to promote a
phase-advance. The PRC for exercise is reported
to be similar to that of light, although somewhat
delayed and, in this instance, the same timings
would apply and a shift in meal timings to local
times should be attempted. This may be aided by
the shifts in wake times, although athletes may
find it hard to eat main meals earlier in the day
when they do not necessarily feel hungry, there-
fore gradual shifts in times may be easier.

The PRCs are initially calculated according
to the home time zone; however, as adjustment
gradually occurs to the new destination time
zone, these windows of administration need to be
shifted. For eastwards travel, 1 hour should be
subtracted for each day of adaptation until the
new external conditions are fully adjusted to.

A pre-adjustment to promote adaptation be-
fore travel, in the direction of phase advance in
this case, would involve adjusting the wake and
sleep times to gradually bring them in line with
the normal sleep-wake times for the destination.
In this case, wake time should be brought for-
ward earlier by 30–60 minutes every day prior to
departure, and sleep onset time brought forward
earlier as well (figure 5b). In this way, wake time
is adjusted from the athlete’s normal time of
07:00–06:00, then to 05:00 for 2 nights prior to
departure, and to 04:00 the night before departure.
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This leaves the final adjustment to occur upon
arrival. It is usually easier to adjust to an earlier
wake time than to attempt to sleep at an earlier-
than-normal time, and the ease of acceptance of
this strategy may also depend on the chronotype
of the athlete, with ‘morning types’ adapting
more easily to this phase advance. Meal times
can also be adjusted in the same way, although
this requires more commitment. The same pre-
adaptation strategy can be employed in the op-
posite direction for westward travel, and this
strategy may be more easily adopted by ‘evening-
type’ athletes.

Pre-adaptation strategies should be used in con-
junction with the light avoidance/exposure times
described in sections 2.2 and 2.6 for best effect. In
this instance, light exposure pre-adaptation prior to
travel is more tricky – sunrise does not occur until
around 08:00 in the UK in December and should
therefore be supplemented with electric light or
possibly specialized light boxes. Light avoidance is

less of an issue, as sunset occurs at 16:00 in the UK,
leaving only 1 hour of overlap where natural light
should be avoided. However, avoidance of artificial
lightwill bemore problematic andwill require either
the wearing of dark glasses or commitment to pre-
adaptation. In this instance, a pre-adaptation strat-
egy of 30 minutes instead of 1 hour may be more
acceptable.

4.3 Multiple Trips: UK–New Zealand–USA

For the first leg of this trip, at the time of
the HSBC Sevens Rugby World Cup in 2011,
New Zealand is the only country that will be on
daylight savings time, so this trip incurs the
maximum time-zone difference possible of 13
hours; 01:00 in the UK is equivalent to 14:00 on
the same day in New Zealand.

Although the standard rule of thumb suggests
that this trip would cause 13 days of jet lag, as-
suming that travel would be eastwards from the

a

b

D1
D2
D3

D1
D2
D3

Avoid light/exercise at this time

Best melatonin dosing times

Seek light/exercise at this time

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00

Home time (UK)
Dubai: four time zones
east

UK

Dubai

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00

Fig. 5. Case study 2. (a) Travel across four time zones eastwards from the UK to Dubai, December 2010 (+4h time difference). The time
difference effects for this type of trip are shown in more detail in figure 1b. The upper section shows UK time; lower section shows time in Dubai
aligned with UK time to show time difference and times of potential exposure to daylight following travel. Grey panels indicate night; white
panels indicate daylight (taken from sunrise and sunset times in December, 2010; no daylight savings time is in force in either country at this
time); white ellipses show sleep and wake onset times, and black ellipses show meal times. D1, 2 and 3 indicate days after arrival. Optimum
times of exposure and avoidance to zeitgeber stimuli upon arrival are shown by black and white boxes. (b) The results of pre-adaptation
strategy on times of sleep/wake onset (white ellipses) andmeal times (black ellipses) are shown (refer to figure 5a for definitions of panels etc.).
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UK via Dubai, Singapore or Hong Kong. How-
ever, in practice, it would be likely that such a
large time-zone change be would be adjusted to
by advance as much as by delay, and the effect of
the direction of travel is, therefore, probably
nominal.

It would be slightly more efficient if the ath-
lete’s circadian system could treat this as 11 hours
of delay, instead of 13 hours of advance and
adjust accordingly, reducing the duration of jet
lag slightly (figures 6a and b). In actuality, great
variations are seen in the direction and length of
adjustment to this sort of circadian disruption,
and these can vary from person to person and
also from trip to trip for the same person. Some
research has suggested that the direction of adjust-
ment is affected by the normal evening/morning
preference of the individual, with ‘evening-type’
people showing a preference for phase delay in
accordance with their longer circadian rhythms;
personal preference will play a large part in both
ease of adaptation and willingness to make the
necessary environmental changes.

If adjustment proceeds in the direction of a
phase advance, then the advice given in section
4.2 can be applied, with times adjusted for
New Zealand, to promote a phase advance fol-
lowing an initial pre-flight adaptation. Assuming
3 days of prior adaptation (placing the athlete at
day 3 of the adjusted time in figure 5a), this would
give the result of needing to seek light exposure
between 17:00 and 23:00 New Zealand-time, and
avoid light during most of the day from 05:00 to
17:00, with similar requirements for exercise. This
is unlikely to be practicable without careful man-
agement and rigorous sequestering from outside
environmental conditions. Melatonin PRC tim-
ings are equally impractical, with best dosing
times falling at 00:00 or a pre-adjusted internal
time of around 08:00–09:00.

If adjustment occurs by phase delay, environ-
mental factors are more manageable, as the ad-
vice given in section 4.1 should be applied, giving
adjusted destination times for light exposure of
10:00–16:00, covering the brightest midday sun-
light times, and light avoidance times of 16:00–
04:00 so tactics, such as using sunglasses and only
dim electric lighting, should be employed during

b

18:00 21:00 00:00 03:00 06:00 09:00 12:00

12:0009:0006:0003:0000:0021:0018:00

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

15:00

UK

US

00:00

a

00:00

UK

NZ

US

15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00

18:00 21:00 00:00 03:00 06:00 09:00 12:00 00:00

03:00 06:00 09:00 12:00 15:00 18:00 00:0021:00

NZ

Fig. 6. Case study 3. Multiple trip travel across 12 time-zones
eastwards from the UK to New Zealand, February, 2011 (+13h time
difference [the time difference effects for this type of trip are shown in
more detail in figure 1c]). The upper line shows UK time; lower lines
show time in New Zealand and the US aligned with UK time to show
the time difference and times of potential exposure to daylight fol-
lowing travel. Grey panels indicate night, white panels indicate day-
light (taken from sunrise and sunset times in February 2011; daylight
savings time is in force in New Zealand at this time); white ellipses
show sleep and wake onset times and black ellipses show meal
times. Adjustment to the new time zone by advance or delay of the
circadian clock can affect the length of time of suboptimal athletic
performance. Adjustment to travel from the UK to New Zealand can
be adjusted to in (a) 11 days by phase delay; whereas (b) adjustment
takes 13 days by phase advance.
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the afternoon and evening. Melatonin dosing
times are also more practical, from 21:00 to 03:00
after pre-adaptation.

It is therefore very much in the interest of the
individual athlete, and of the team as a whole, to use
pre-adjustment strategies to influence the direction
of adjustment prior to travel (see section 4.2).

This trip is further complicated by the sub-
sequent stage of competition, where a team travels
to Las Vegas, NV, USA, which is -21:00 hours de-
layed relative to New Zealand time or 4 hours in
advance. The timing between games is barely suffi-
cient to allow players to fully adjust to local
New Zealand times, if they adjust in the most effi-
cient way by phase delay. However, if the player has
adjusted in this direction, they are then at a dis-
advantage in adjusting to the new USA time zone,
as thismaymean that theywill continue to adjust by

phase delay, leading to 21 days of adjustment, ra-
ther than the 3 days of adjustment possible by phase
advance (figures 6a and b).

In this instance, it may be possible to try to im-
plement a reversal of the phase shift, using a second
pre-adaptation strategy whilst in New Zealand,
to try to force the body clocks of athletes to shift
in the optimum direction. While it has been de-
scribed in the literature that these reversals of
phase shift can occur naturally under controlled
conditions,[220] there is little to no literature on
inducing them deliberately.

5. Conclusions

In this review, we have detailed potential stra-
tegies that athletes and teams can adopt in order to
promote quick adaptation andminimize the effects

Table I. Practice points

Practice

timepoints

Interventions Rationale

Prior to travel Education Information regarding jet lag can usefully be provided to athletes to inform them of the symptoms and

effects on athletic performance, to allow them to recognize these effects and to adjust their training and

schedules accordingly; this is key as many athletes may dismiss the effects

Pre-adjustment This can be considered for large time-zone differences. It involves gradually shifting the sleep and eating

schedule by 30–60min each day towards the destination time for a few days prior to departure,

accompanied by appropriately timed light avoidance and exposure

During travel Minimize flight

effects

Athletes should attempt to minimize the dehydrating effects of flight by drinking plenty of non-alcoholic

fluids and by performing regular stretches to prevent muscle stiffness

On arrival Light Light is the most potent adjustment stimulus for the circadian clock; however, it has different effects on

the clock at different times of day, so careful planning is required to gain themost benefit. In general, light

has the greatest effects when the circadian clock is not expecting to encounter it, i.e. during the night.

Light exposure in the early evening and first part of the night (on home, not destination time) induces

adjustment by causing a phase delay that is required to reset the body clock following westward travel;

whereas, exposure to light in the second half of the night and early morning (home, not local time) will

cause an advance in the circadian phase that is required for adjustment to eastward travel

Melatonin Melatonin is a natural chemical produced by the body around the time of normal sleep onset and is

thought to promote sleep, among other functions. It can be ingested to promote adaptation but caution

should be taken, as it is not currently licensed for use in some countries, and care should be taken to

obtain a high-quality formulation of known dose without any adulterants. Timing of ingestion also needs

to be carefully calculated according to the PRC in order to avoid carry-over effects of drowsiness during

the day because of mistimed or too large doses

Exercise Athletes should consider avoiding heavy training for the first few days after a long flight, while the effects

of jet lag are at their most severe. Further research is required to establish the optimum time, amount and

type of exercise needed to effect resetting of the circadian clock. However, since athletes are likely to be

engaging in physical exercise as part of their normal training, exercise could be employed following the

same recommendations and timings as those for light, to gain any potential enhancement in clock

resetting and to avoid any potentially detrimental effects

Food intake Further research is also required to investigate the effects, if any, of diet and meal timing in jet lag

adjustment in athletes, but a shift in meal timings to local time is likely to be beneficial to aid prompt

adjustment, whether immediate or gradual
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of jet lag on performance using these cues (table I).
Athletes are particularly susceptible to jet lag, as
they are often required to travel for long distances
and then compete at their peak performance at
times that are very different to their internal body-
clock timings. Optimal performance also requires
coordination of many physiological systems that
are sensitive to jet lag disruption, as they are
regulated by the circadian clock. However, the key
to jet lag lies in its very nature; although symptoms
arise because the circadian clock is misaligned with
external conditions following transmeridian travel,
the clock is inherently designed to adapt to those
conditions, through entrainment to cues including
light, hormones such as melatonin, food and ex-
ercise (table I).
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